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SOE DATA ON THE STATIC LONGITUDINAL STABILITY
AND CONTROL OF AIRPLANES*
(DESIGN OF CONTROL SURFACES)

By A, Martinov and B. Kolosov
1. STATEMENT OF THE PROBLEM

In connection with the increasing demands made on the
maneuverability and controllability of modern airplanes,
the question of the so-called "allowable degree of stabili-
ty" has losgt that clarity with which a aumber of authors
have sought to define it {reference 1). There has arisen
the necessity of building airplanes with a smaller reserve
of stability, thereby approaching the "neutral® type. The
problem of controllability and maneuverability can not
otherwise be satisfactorily solved with the modermn methods
of airplane control.

In line with this tendency toward airplanes with a
small reserve of stability considerably stricter conditions
are imposed on the airplane design and increassd demands
are .qade on the pilot. At the same time, greater responsi-
bility is laid on the computer since small errors in compu-
tation may lead to an unstable airplane.

Fundamental in the computation of the static stadility
is the determination of the correct center of gravity posi-
tion, shape of wing and method of attachment gso as to assure
small moments of the entire airplane without tail, The
choice of the tail itself is generally determined by the
following metnods:

1) Method of selecting the tail surfaces from wind-tun-
nel tests.

2) Method based on the comparison of curves obtained
from tests on models of the airplane elements,

3) Analytical method,

*Report No, 278, of the Central Aero-Hydrodynanmical Insti-
tute, Moscow, 1935.
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In our opinipn the first method 1s impracticahle since
1t not only requires a large amount of wind-tunnel work dut
is at the mme time a "blind" method. The second msthod is
most, wldely applied by alrcraft deslgners, The third rethod
has come to attract more and more attention., Comparisons
made of computatiohs, wind-tunnel tests and flight tests 1ir-
dicate the very great possiblilities of tho mathod, particu-
larly for preliminary approximations, The problem 1sg logi-
cally expressed in the form of ‘seeking the limiting center-
of-gravity positions for which the alrplane is gtill able to
satiafy the stablllity requirements put on 1it.

There are naturally two such certer-of-gravity posi-
tions to be considered, namely, the forward and backward
positions., For an airplane of the usual arrangement, the
first corresponds to the liuiting argle of deflection of
the control surface and the llmitlng force on the control
stick in landlng,

For an accurate determination of these values, 1t is
necessary to establish standards of allowdble limiting
forces acting on.the coantrol stick., It must be said that
information in this connection 1s not avallable in the en-
gineering literature and these standards must be newly es-
tablished, based on full-scale tests on airplanes,

- The gecohd limiting center-of-gravity position corre-
sponds to the state of the alrplane at which i1t becomes en-
tirely neutral.*

A detalled analysls shows that the limlting forward
center-of-zravity position muet be determined in landing
with deflected flap and account must be taken of the ground

*After thig paper had been written, there appeared the work

of V. S. Pishnov, "Aerodynamicg of the Airplamne," Part II,

in which the author has lntroduced the conception of criti-
oCpz

cal center of gravity position only for =0, 1l.e.,

corregponding to the neutral state of thoe airplane., Te con-
sidered 1t useful, however, to introduce tho conception of
still another limiting center-of-gravity position deternined
by the maximum poseible force on the pilot's stick., These
two magnitudes will then satlsfactorily solve the problem of
center-of-gravity position., ioreover, in designating a lim-
l1ting backward center-of-gravity poeition, 1t is necessary
to take account of the dynawmlc stabllity of the alrplans,
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effect on the airplane characteristics, The limiting back-

"ward center-of-gravity position in the computation 1g ob-

tained in "hands-off" flight., These two cases should be in-
vegstigated in determining the center-of-gravity position of
the airplane,

The analytical method of computation in combination
with the accumulated mean characteristics of airplane ele-
ments at the present time may serve as the most reliable
method, since it combines the advantages of correspondence
to actual conditions with clearness of a picture of the phe-
nomenon, thus permitting a conscious improvement of the bal-
ancing and stapility,

It would be quite incorrect to say that the analytical
metnod of computation is rendered entirely feasible by the
amount of data available. In regard to some subjects, as
for example, the effects of interference between elements
of the airplane on the stability, the data are as yet too
meager to allow any general conclusions to be drawn, It is
clear that in such cases more factual material obtained from
wind-tunnel and flight tests is required. The most rational
method of computation thus appears to be a combination of
the analytical supplewented by curves obtained from tests on
modelsg, and, as more data are accumulated, the part played by
the supplementary tests will become smaller and smaller.

Notation Adopted

Cp, pitching-moment coefficient

"me, moment coefficient of wing
Cmf, moment coefficient of fuselage
Cr. , moment coefficient ariging from wing-fuselage
Ming .
interfercnce
leg’ moment coefficient of landing gear
Cpn.» moment cocfficient due to propeller thrust
T
Cmt’ moment coefficient of tail
Cy, Cy, Cp, Oy, coefficients of aerodynamic forces
Ch, hinge moment of control surface
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S, 'area
b, chord
1, span
t, mean chord of servo-control tab = Sgc/lgc

L, distance from center of gravity of airpiane to
hinge of control surface

x/b, position along longlitudinal axis of center of

gravity (sign + 18 taxen in direction toward
tail)

y/b. poasition along vertical axls of ccnter of gravity

(slgn + for down direction)

scont gurf

Sta1l
Y, speed
a, &angle of attack

8, angle of deflection of control gurface (sign +
for down deflection)

8, angle of deflection of servo control (sign + for
down deflection)

®, angle of deflection of stabilizer (+ wupward)

]
X,= kinematic coefficlient of lirkage between servo-

. 8 control and maian-control gurface
Kl = ach/aa
K, =30CL/a8
Cxp
m,K=—— at & = const (see section 5)
c  a
y
oC,

Qg = SE; at o = const (see section 1l1)
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R, Reynolds number

€, measure of the turbulence, ¢ =
Vmean
Subscripts

a, airplans T, thrust

w, winé sc, servo control

t, tail st, stabilizer

f, fuselage int, 1interference

1z, landing gear cs, control surface

The basic cgquation of the equilibrium of the moments
acting on the airplane about its center of gravity in its
plane of symmetry may be written in the following nondimen-
sional form

cl,kw + Cmf + Cmi

oy T leg + Cng + Cny = Cny (1)

Of these coefficients me, lep, CmT’ and Cmt may be

computed, The effect of the fuselage, however, and thc in-~
tcrference effect ¢f the airplane elements must be deter-
mined from test data.

Differentiating equation (1) with respect to o we
obtaia the condition for the limiting aft location of the
center of gravity.

aCn, oCin acmé
2+ Lo = 0 (2)
aa oa. [

The center of gravity position is found frowm the component
acmw
sa

, in which it enters.

p
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Y, 3C.' x aC, g 304
.. . Dy n n t
H - - ewmemam - eem— (3)

'3q- B8a b da b aa

The offect of the center-of-gzravity location on the other
moaents acting on the airplane  is mnegligible by comparison
with the onent of the wing,

The basic mouent, which tae pilot 1s capahle of chang-
ing in flight,is the tail nonent cdt

étLt .vt a
=) (4)

mt ytstbw Y

since with modern airplane arrangenents C, =ay be re-
Placed by Gy and the mioment due to Gt nay be neglected

even for neutral alrplanes for which the accuracy require-
aents are raised, and Gyt nay be expressed ir the sinm-

Plost case of control surface without balance and cut-out

= == [aop + n&ca] (5)

c
Tt 2oy

Let us now conslidor what change 1ls iIntroduced into the
Phenonenon by the conditlon of free control gtick, We shall
glmplify the pieture by hot touching upon the dynaunic ele-
ments of the phonounenon.  Tne control surface, which is
statically balanced, 1s adjusted with respect to the flow in
such a manner that it formg with the stabllizer a certain
angle &5 (fig. 1). The airplane trimmed by tho pilot to a
certain attitude with the ald of the control surface inclined
at the angle &, irpnediately passes into the other attituae
corresponding to the deflection 0z the value of which may
be found from the condltlon of gero-value of the hinge [O-
aent .

o 2 L
aat 35
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4 linear dependence of thle kind nay, os shown ty
tests, bo applied to the fundauwental types of tail sur-
faces within tae range boelow flow separation. Therofors

68 = - -x-'l'—- at (7)
IB
Thus
65, ~ K, aC X
Cp =¥ . q -0 =—gq | = —L 1 -n =1 8
Tt oat . t Kg t_l oay %t (\ xa> (®)

By formulas (7) and (8) 1t is poselble to estimate the
aC 2] oC
chanzes both of Cyt and the derivatives: —8; & .
oo 9da acy
for choice of center-of-gravity location and solution of the
problem of stability rith controls free,

The welght of the control surface may be taken into ac-
count without any difficulty. In place of equation (6), we
must write

Mp = Mg = O (9)
or, denoting the welght of the control surface by Ggq,

the lever arm with respect to the hinge axis by r,, and

the inclination of the wing chord of the airplane to the
horizontal by €

psGavIzbcs(zﬂ,Gt + Kaaa) bl G‘csrcs 005(83 + € + qast ol AG) =0

Taking
cos(83 + € + Pgg = Aa) = 1

ve obtaln
G..r
cefesa
8, = — 51 g (10)
K3pScsVx bes K3
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. aC, r ¢ n G S
t ooyt K Ea P Scg Tt Degd

The influence of the weight on the effectlvenogs of tue
tall surfaces with controls free 1s taken lnito account by
tire last term of equation (11).

In the case of present day airplanes with consider-
ably increasing speeds, the coantrols are balanced as re-
gards thelr welght to prevent vibration of the tall so that
the last term of equatiorn (11) becoumes zero.

In flyinz the alrplazne with gtick free, an additional
loss in stabllity ie encourtered as a result of the decrease
in effectiveness of tall surfaces provided with a gservo-bal-
ance tad connecting with tne stick, We ghall retura to thils
question in conglderinz gervo-balance ani servo-control
tabs.

It 1g thus clcar that a prellalnary coaputation of the
longltudinal center-cf-gravity location that basically
solves the problem of longitudinal sgtatic stadllity may bde
made, provided certaln .agrltudes are known among which

aC 20
nl K ] K‘gl yl y
1 2 Bay fo5)

are the most important. At tae present time a sufficiently
larse azmount of experiumsntal .naterial hag been accuumvlated,
enabling all the above-enuzerated magnitudes to be computed
wilth an aczuracy sufficient for a flirgt couputation., It
wlll be our object to give data for tho opreliuminary comnuta-
tion of these magnitudes. Tnls procedure ig followed, not-
withstanding the exlstence in some of tae cagses considered
of formulas since these formualas, on the one hand, are legs
accurate and, on the otiher, lncludo a gsomewnat narrower
range of talil-gurface dloesigns.

In this work, moreover, We attempted to throw ligiht on
the action of the servo control, servo valance and trincin:
taves, These investigations were included In view of the
unusual interest 1in this question and the wile application
of thege devices in modern airplans deglgn.
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Since the concept of "axial balance" appears to be

- generally known, no explanations will be given in this re-
gard, As far as gervo control 1s concerned, however, we
conslder 1t necessary to pregent a certaln brief discus-
slon,

At the present time the term "gervo controls" 1s un-
dergtood to mean surfaces located aft of tho control mem-
bers for the object of decreasing the control forces. The
principle upon which the action of theme surfaces 1a basged
1s the getting up of an additional moment balancing the
hinge moment of the maln-control surface when the angle at
which the gervo-control surface is get with respect to the
mean surface lsg varled, Servo controls therefore, 1ln con-
trast to other types of balance devices are controllabdle
deviceg.* According to the character of the control, serwo
contrels are divided into servo conirols properly so-called
and "gervo balancers."

If the change 1n the setting of the gervo control with
resoect to the main-control surface (free in the given case)
is 3 frected by the pllot by means of a dovice connecting
only with the servo control we have a servce control proper,
1.e,, we have the following schewc of actioa of the gervo
control., The pllot deflects the servo-control surface from
1ts 1nitial position by a certain angle and under the actlon
of the moment gset up the entire system conslistlng of the
maln free control surface and the controllable servo sur-
face 1s set i1n motion and settles at &2 posltion of equilid-
rium when the resulting moment about the axis of rotation
of all the applied forces cn the entire control system be-
comesg equal to zero. A skctch of thls systom of servo con-
trol 1s gilven in figure 2.

If the change in tae angle of setting of the servo
control ig errected by the pllot through the intermediary
action of tke main-control surface then we have the "gervo
balance,flapa® or tab. In thils case, the servo control 1is
connectsd with the uain control by a mechanism whicih, on
rotating the main-control surface, rotates the servo-con-
trol surface in the oprosite direction as a result of whilich
the balancing moment is set up., A sitetcan of this control
arrangement is shown on filgure 3. The rod a connects the
servo surface to the stabllizer by means of the bars D and
¢ vwhich 1lile on strajght lines passing through the axes of

*An eiception is foruwed only in the case of the ‘adjustabdle
tyve servo controls where the trailing edges af the control
members are capable of being deflected on the zround.
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rotation of the maln~- and servo-control surfaces and per-
pendicular to the common chord. When b =and e, the
distances from the axes of rotatlon to the hinges of the
rod &, are equal, angles @ and 8 will be equal for
the entire range of deflection of the mailn-control surface
and hence the chord of the servo control will at all times
be parallel to the stabllizer chord. Denoting the ratio

0

E by K, then for b =¢, X = 1l. As may be readily seen

on figure 3, 1f b >e¢, K < 1 and conversely, 1f b < ¢,
K > 1., Hence, by increasling or decreasing the value of D
kesping ¢ constant, we shall obtaln different vaelues for
K eand therefore different degrees of balance for a gilven
servo-control tab.

Finally, the servo control may be replaced by movable
stabilizer which we shall call a tab. The latter and the
main-control surface have controls independent of each oth-
er. In changing the setting of the tab wlth respect to the
maln control, there ls obtalned the same effect as in chang-
ing the settlng of the stabilizer. The deflectlion of the
tab by a certain angle makes possible zero pressure on the
control stick for any state of fllght of the alrplans.

In recent times, servo-balance tabs and trimming t&abs
have received very wide application to airplanes of all
sizes and purposes and ares mounted on all control members -
-vertlical and horizontal tall surfaces end ailerons. Servo
controls proper, on the other hand, are rarely used in
thelr original form and are met with excluslvely on heavy
alrplanes. . . .

Besides appearing to be one of the best meens of bal-
necing as compared with other types (axial, horn, servo
control) servo-balance flaps possessthe property that they
permit easy regulation of the degree of balance to any re-
quired limlt by means of a simple change 1ln the ratlo X =
%, a change which nay be easlly effected after the first
trial flight.

A control system provided with a servo-control tab 1s
a mechanical system with a greet numnber of degrees of free-
don as compared with the system provided with the servo-bal-
ance tab and therefore appears less relianble with regard to
vibration. Moreover, & system with servo balance does not
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deprive the pllot of hlis sense of controlling the airplane
ag 1ls the cape with the servo control proper. A4ll these
clear aivantages of the servo balance give 1t firet place
as compared with gervo control,

In the present paper we ghall consider the action of
gervo controls mainly as servo-balance tabs so that 1n what
follows, unless otherwigo stated, wherever we spoak of ser-
vo controls we shall refer to sorvo-balance flaps or tabs.

The theory of the action of servo controls has been
tivon by Glauort (roference 23) for the case of thin pro-
flloes with hinged flap 'in two-dimenslonal, parallel flow.
This theoory may be applied to the case of the control sur-
face with servo control alone, i.e,, without stabiliszer,

A further development of thls theory of Glauert has been
glven by Porring (reference 3) for the case of a wing with
an entire syste.n of hinged flapr and hence this theory
makea it possible to compute the most important case aris-
ing in practice, namely, a tall unit conslsting of a sta-
bilizer, maln-control surface, and servo-control tabs.

In formulatinz cur program it was initially proposed
to carry out tosts with the object of checking the exlst-
ing theorles on servo controls in order to £ind correction
coefficients for passing frou theory to experiment and
finally to deviee, on the baslis of exigting theory, a pro-
cedure for the computation and selection of servo controls
for a given tail surface, Fro.a a comparison of the theo-
retical and exnmaeriaental data, however, it became apparent
that the differences between them in some cases amounted
to 100 percent ard more, the deviation not remaining coun-~
stant or in any case such that some mean wvalues for the
corroction factors could be chosen. The choico of correc-
tion factors thus presentoed no fewer difficultiigs than
would be met with 1n a direct reduction of the experl-
unontal data with tno dorivation, on the basis of this re-
duction, of purely. empirical formulas. It was thorefore
decided, 1In view of tho fact that exiasting theory glves a
very large disagreement with experlimental resultes and more-
over does not take 1lnto account a largo number of important
factors arleging in the actlion of a tail with servo control,
such as arxial balance and the properties of the profile
section melected, to work out on the basls of the experi-
mental data a procedure for tho, computation of servo comwm
trols andi the-derivation of the nececgsary experimental for=-

o
malasg, s
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2. DESCRIPTION OF THE MODEL TAIL SURFACES TESTED AND

THEIR CHARACTERISTICS

Consldering the large varlations that we see at the
present time in the cholce of wing sections, the question
of the section used for the tall surface does not stand
out so sharply, 1lnasmuch as the cholce of tall surfaces
differs essentlally from that of the wing and the range
of angles at which the-tall surfaces operate is not large.
Moreover, the distortion of the sectlon by the deflection
of the control surface is so0 large that the smoothness of
the-flow at any section is rapldly deetroyed as the con-
trol surface 1s deflected and as the section assumes a
sharp-edged contour. Tke tall-surface section 1is genseral-
ly choson symmetrical with sufficlently small profile drag
for the undefleocted surface. The application of nonsym-
metrical sections 1s obviously not logical, since without
increasing the effectiveness such sections resgult in an
increase in the hinge moments and drag. As worked-up data
in our laboratorles and those of the N.A.C.A. show at a
.certaln angle a, &a change in thickness has an effect on

.the walue of -%%F for the section sometimes amounting to
10 percent., For a given proflle series a certain thickness

1s found moet advantageous as regards ?;Z. The effect of
- a

the canber of & nonsymnmetrlical profille section 1s replaced
by the change in the angle of aetting of the tall surface
with synnetrical ‘section.

For tall surfaces, section M-2, M=3, and thelr modi-
fications are widely applied. For fast airplanes, sections
with sharp leading edge are to be recommended.

The aspect ratios of tall surfaces in recent times
have shown a tenéency to decrease, a fact that is explained
by conslderatlions of increase in stiffness and avoldance
of vibration. The aspect ratio for modern horizontal taill
surfaces 1s generally taken from 3 to 4.

The plan form of the tail surface 1is éxtremely arbi-
trary since the tall surface is generally an element of the
architectural deslgn of the airplane, at times to the det-
riment of 1tse aerodynamics. In recent times, howewver, the
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predominating forms are rectangular and tapered plan

forms rounded out by arcs of circles and giving suffi-
ciently good serodynamic characteristics. In general,
however, the effect of the plan form on the tail charac-
terlstics, where there is no deviation from simple shapes,
is not large.

" In this work we shall present & systematized outline
of the results of tests on models of tail surfaces both
schematized as well as correspcnding to actual alrplanes.
All the models were of a sufficiently large scale (from
1/3 to 1/5) and were tested in the T=1 wind tunnel of the
CAHI .in the period 1932~-1935. An exception is formed only
by model N16, which was tested in the 1.5 m tunnel Wo. 3.

Tail surfaces Nos; l, 2, 3, 4, 5, 7, 8, and 9, are
schenatized models; Nos, 6, 11, 12, 13, 14, 15, 16, 17, 18,
and 19, are models of actual tail surfaces of airplanes.

Most of the tail surfaces corresponding to actual air-
planes had cut-outs, which were for the purpose of mounting
the rudder. In recent tinmes, however, there has been noted
a tendency toward decreasing or conpletely eliminating this
type of cut-out. As bocame clear from the results of tests,
this tendeney of designers is certainly well grounded since
a decrcase in the cut-out shows up to advantage on the tail

characteristics and particularly on the values Cx and —,

The amount of cut-out in modern ailrplanes varies between the
following limits: for heavy sirplanes, 5 to 7 percent of the
elevator area; for average-size airplanes, 10 to 17 percent;
and for light airplenes, up to 25 percent of the control
surface. In the present paper, we have attempted to esti=-
mate the effect of cut-outs on the aerodynamics of the tail
surfeaces,

Figure 4 gives sketches of the taill surfaces and table

I the nain results of the tests. The investigation of the

servo controls was carried out on the model surfaces Nos. 8,
9, and 10, and the results are given in table I. The choice
of the schematized tail surfaces is explained by our origi-
nal obJect in investigating servo contrbls, namely: compari-
son of experiment with theory. On figure 5 is shown a sepa=
rate sketch of these nodels with servo controls and the main
dimenslons are indicated. The servo controls in the form of
flaps extend along the entire span of the tail surface. TFor
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the profile section we chose-M-3 havling 12 percent thilck-
ness ag belng one of the most widely used.

The dimensions were chosen as large as posslble so as
to improve the quality of the tests, particularly since all
the tests essentlally lead to the obtaining of hinge-moment
coefficients and these coeffliclents, as 1s well known, are
particularly sensltive to the scale effect. The three mod-
els differed from one another only as regards the ratlo of
- control-surface area to tall-surfaco area. " In our tests

Scs y Scs
5. has the following values: Tall surface No. 8 Tﬂf =
b S S L
0.6; No. 93 1%} = 0.5; No. 101 ;“ = 0.4.  There was
t

thus included the entire practical range of variation of
this ratio.

Servo controls of two slzes were prepared from dbrass
and formed the tralling-edge portion of the section without
departing from the outline of profile M-3. The ratio

S
1%? for the large and small servo control had the follow-

Sge

ing valuest: Small servo control, 3
%

= 0,065; large eorvo

S
control, 153 = 0.08.

t

The servo controls were removable and could, 1f re-
quired, be removed from one surface and mounted on another.
The following velues of the ratio of servo~control area to
the area of the maln control were thus obtalned: .

Tabla Il
el . Sce ' Sse
a surface 5t 1g:
Small servo flap | Large servo flap
8 0.6 0.05 0.1075
9 5 .06 .13
10 4 © .075 .16
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There wasg thus obtained a range of from 5 to 16 percent
of the area of the control. surface,

Finally, the hinges of the nmain-controcl surfaces .werec
constructed in such a way as to permit the variation of
axial balance from 0 to 20 percent. Tall surface No. 9,
which was selected by us as the basic one and on which ex-
tensive tests were made, was balanced 0, 10, 20, 23, and 26
percent. In the remaining cases, the balance consisted of
0, 10, and 20 percent of the area of the meln control sur-~
face.

The test program was divided into three parts:
1) Tests on servo controls in the form of flaps.
2) Tests on servo coantrols with cut-outs.

3) Tests on servo controls mounted on outriggers
behind the trailing edge.

The servo controls of the flap type are shown on fig-
ure 5 and formed flaps along the entire span of the trail-
ing edge, or more properly speaking, the brass trailing
edge could be deflected 30° to 40° up and down adbout hinges.
For this type of tail surface, the tests were carried out
on all three tail-surface models.

The servo controls with cut-outs are illustrated on
figure 6 and are of the flap type except that instead of
extending over the entire span the servo surface extends
over only part of the span. These surfaces were formed
out of the flap type servo-control surfaces in the follow~
ing manner. The large servo-control flap was cut into
three parts in such a manner that the center portion ex-
tended over half the span while the other two each extend-
ed over one-guarter span.

Tests were carried out with tail surface No. 9 and the
large servo control surface, first with the outer portions
deflected, the center remaining fixed and then with the
center portion deflected and the outer portions remaining
fixed. This enabled the effect of the arrangement of the
servo~control surfaces along the span to be studied.

Finally, the servo.controls mounted behind the trail=-
ing edge were made of the same sizes as the cut-out servo
controls, i.e.,, they formed servo controls with six percent
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6f the area of the main tall surface No. 9 and were mounted
behind the trailing edge of the maln surface at distances
of one, two, and three servo chords. Filgure 7 shows the
plan- view and dimenslons of thls type of servo control.

The servo controls of the flap type were chosen as
the baslc type in our investigation and therefore the tasts
nade on them,were more extonsive, moking possidle a con~
plete study of the effect of the fundamental parameters of
the servo~control surfaces on the action of the tall gur-
face. The tests on the other two typos had as their rain
obJect the lnvestligotlon of the effect of the locatlon of
the servo control. with respect to the sman and chord of the
maln-control surface and therefore the tests on these were
less extenslve 1in character.,

Due to the large dimensions of the models and the
speeds of the order of B0 n/s, the Reynolde Number of the
models tested attalned a valuse from 1,200,000 to 1,500,000;
the turbulence of the wind tunnel wes defined by the criti-
cal siphere radius Rgg = 144,000 corresponding to a degree
of turbulence € = 1l.82 percent.

The coefficients Oy, Cx, Oy, and Cp were deter-
nined in the usual manner on the wind-tunnel apparatus.

C = _._r;..
Q
cx =
pPS, V2
M
Op = 2
PSgV by
M
Ch = - b
a
PScaV bes

The tests on the servo controls led essentially Iir
the first place to the obtalning of curves of hinge-noment
coefflocients of the maln-—~control surface Gh = £(8) with
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various servo .areas and various degreesg of balance for the
determination of the "effectiveness of balance" of the servo
control (under the term "effectiveness of balance" we mean
the ratio of the hinge moment of the control surface with
servo control to the hinge moment without servo control);
and secondly, to the obtaining of curves of the 1ift force

Cy = £(8) for the determination of the loss in effective-

negss of the control surface due to the servo surface., 1In
addition, there were obtained curves of the equilibrium
angles of deflection &8 of the main control surface as a
function of the angles of deflection € of the servo con-
trol surface, i.e., the curves 8 = £(86).

After applying all the corresponding corrections, there

ac aC ac oC
were determined the derivatives y, y’ h, and ——E.
3o 38 oa 36

All these data are presented in table I. As we have
already said, our object was to determine accurately the
values of the derivatives for the purpose of finding ra-
tional analytical relations enabling the determination of
‘"the tail characteristics and the stability of the airplane,

3. EFFECTIVENESS OF TAE TAIL SURFACES

a) Unbalanced and Balanced Tail Surfaces

The concept of effectivensgs of tail surface is inti-
mately connected with the force that the surface may devel-
op for various flight conditions of the airplane, We shall
tnerefore represent the effectivoness of the tail surfaces

by thec nondimensional coefficient Cn or more often by C

since, within the small range of angles at which the tail
surfaces usually operate, Cy barely differs from C

y

n.

Bringing an airplane into a position of equilibrium
and effecting a change from this position is attained with
the aid of-a change in the angle of deflection of the con-
trol surface or a rotation of the entire tail surface,
Hence, for a guantitative determination of the condition
of equilibrium of the airplane and its stability, it is

necessary to possess a knowledge of the change in Cy of

the tail with change in angle of attack and angle of deflec-
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tion of the control surface, i,e., of the value

acy o0

y
dC, = —= dgq + == 48 12
Y 38 (12)

In addition, a knowledge of the value of Gy itgelf 18

nacesgsary as & functlon of the geometric form of the taill
and of 1ts locatlon with respect to the ailrplane. For
the valuse of Cy good repsults are ziveon by the somuwhat

modified formulas of Toussalnt for the case of a balanced
tall gurface and without cvt-outs as generally obtained
with horizontal tall surfaces

oC :
Cy = ?;f (a®pye + 0 8°) (13)
A Y
Sce
whers 1n = e within tho limits of the usual ratio of
t . Qe
Scg to Sg (of 0.3 to 0.6 The value of aay is likewise

woll determined by the formula of Toussalnt sultable for
various types of talls., 4&as is known, the relative thilck-
ness influences the veluo of this derivative but,in view
of the small differernces 1n thickness of tall surfaces,
thls correction may be neglected:

3Cy _ 0.0424 A

da  1.73 + A (14)

Iiéure 8 1llustrates this. ' 48 may be seen, the agreement
of oxperiment with the formula ls entirely satlsfactory.
It should be obsorved that there ls a certain stralning in

) 2 .
tho definitlon of the magnitude A = 5 in the case of a

tail with cut-out where, following the usual method of com-
putation, we obtain a value of A 1larger than for a tail
surface without cut-out. For tall surfaces with axial bal-
ance, & large number of whlch were lnvestligated, we assune
tre following type of relatilon
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36 Spal ' )
- o ‘4 -n RO - .
Cy = —L [a true + 18 (}, 0.75 5 )] (15)

This expréssion Is correct for tall surfaces wifhout cut-
outs for the +15°% > 8§ > -15°,

For a >0 and 15° <§ < 250, as may be the case,
for example, in computing the take-off, the value of

oC
—&L [see equation (17) below] should be decreased by

o8 .
40 to 50 percent, so that the effectiveness of the tall
also decreases at these states.

A few tall surfaces with horn-type of balance were
tested. These tests, moreover, were conducted in the
smaller tunnel on comparatively smaller nodels, so that the
proposed formula for the horn-type balance may serve only
for orientation purpcses, For horn-~type balance

aC
= o 0
Gyt = (o tpue * B8 ) (18)

within the range of 8 fron -20o to +10° for «a > 0. and

8§ = =10° t0 +20° for a < 0.

It should be noted that the fornulas Cy for axial

talance were obtained on the same tail surfaces and in the
same wind tunnel as for the tail surface with horn-type

‘balance. The repeated check at large values of R in the

T-1 tunnel confirmed them, however.

BCY

08
An analytical expression for it may readily be obtalned

for tail surfaces with cut-outs and with and without axial
balance

Considerable importance attaches to the value

ac aC S
5 . 3, <} - 0.75 bal) (17)
da Scs

a8

A test check of this relation showed a satisfactory agree-
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~nent., It must be said that this check also shows the cor-
. rectness of all the ‘formulas ‘given abova.sfﬁce formula
(17) is the derivative (15).

According to the hheory of errors, .the probable rela-

aC
tive error in computing 3—1 is
8
3
: - A
r = 0,675 £(4)
n -1 '

T
o

where A 18 the difference botween the values of —-2

Cot 08

computed fron (20) and that determined from tests, and n

N a c .

is the number of individual values of Erl corresponding
8

to the numbor of tail surfacoes tested. The conputation
shows that the probable error r 1s about 4.8 percent.

It 1s 1nteresting to brlng out the effect of the forn
of leading edge of tne control surface on the effectlveness
of the tall surface. Tall surfaces Nos. 3, 4, and 5, dif-
fered in the form of leading edge. TFroo the results of the
tests and the &ata of table I 1t may be seen that the lead-

ing-edge form has practically no effect omn ETZ while 1%
a

does have an effecg on ?;l tall surface No. 3 glving a

' c 8

than Nos. 4 and 5, whereas formula

larger value for
(17) does not take this into account.

The series of polints giving large deviatlions from.the
nean values of the effectiveness were probably the result
of the deformation of the control surface, such a deforma-—
tion being observed in particular with tail surface No. 7.
These points may therefore bhe considered as being 1in error.
In general, the deformationm 1n deflectlng the control sur-
face mnay be consldered as one of the maln sources of error
in the investigation of tall surfaces,.
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b. Effect of Cut-Outs on the Bffectiveness of Control

We gshall now attempt to evaluate the effect of cut-
outs in the elevator on the effectiveress of the tail
gsurface. As has already been gaid above, these cut-outs
may amount to 20 to 25 percent of the control-surface
area, It is true, as tests by Ackeret (reference 4) have
shown, that these cut-outs at the after portion of the
tail gsurface have a very small effect on the lift force,
From this it follows directly that the computation of
ac .

—Y with cut-outs in the tail gurface does not lead to

o

positive results, and the theoretical results obtained by
Lotz (reference 5) show a loss in the lift very much larger
than 1s obtained in tests,

acy ac
Let us consider both derivatives and Eﬁg' The
da

first one, in view of the small change in the lift as a re-
sult of the cut-outs, changes slightly. It may be remaxked
2C

4

oA

ly one case (with tail surface No. 11) does the drop amount
to 12 percent. Without as yct proposing any quantitative
criterion in the form of & rigorous functional relationship
it may, for orientation purposes, be recommended that the

that there is a drop in by 3 to 6 percent, and in on-

oc '
value of ETX conmputed according to formula (14) ©be re-
6

duced hy 3 to 6 percent for cut-outs of 8 to 15 Lercent of
the control-surface area.

It is Interesting to note that in the extensive Japa-
nese investigntions of wings with cut-outs (reference 6) for
the cases of cut-outs behind the wings there were sometimes

- oC
obtained even larger values of 751 than for complete wings,
o

This phenonenon, not explained by the authors but observed
in 'some of our tests (fig., 10), is evidently due to the
rectangular edge of the cut~out producing a separation and
formation of vortices and a suction of the boundary layer.
This condition nust be taken into account by the designer
since unstreamlined rectangular cut-out edges, while only

) aC
slightly increasing — Y produce a marked increase in the
Jda

drag Cx of the tail or wing.
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The ‘effect of the cut-out can be,somowhat more clearly

acy v -.-._ 5’ . -
: -33- with cut-out g .
o= - =1 .- 0,75 —Sub-out g4

. ac . - , . . s S .
—L without.out-out - °®
3§ .
aC
1.e,, with 10 percent cut-out there is a drop in Eﬁ? of

7.5 percent The test of Blechteler (reference 7) on a

©fullS ecale airplane in which tests the value of

aC
—2 wag measured pointed to a marked increasge (up to 20

38

percent) in ';ggL- when the cut-outs (12.5 percent of Scg)

were eliminetei (fig. 12).
The agreement of these reagults of Biechteler with the

results of our tests is sufficiently good since in the ab-
sence of cut-outs there --is obtained the expression®*

_acma StL v B_cht 8,L V. aE)ey
=+ S..0 ( ) BEF ST ( )
a8 cs’ “y 2a Syby YV 7/ 38

‘#Thig formula Is obtained as-follows. The moment of the en-

tire airplane including the tdll 1s equal to the moment re-
sulting from the rotation of the elevator. TFor the unbal-
anced surface we thus have the expression,

Gm' + Cmf +-:-o- +}cmt'fixed csa + cmt,elevator T Ca *
ac

. . S: I v_ e
S AN AS < i 4
c._- . = Cma® . c T m— —) -—t nd;
rElii,e_le_wa.'l'.or ) Z Tas i 2 Ta S_wbw. v Ao
mma.' . ..stL- vx a aC'yt
= + — n
38 8y b Y7 . 3a -

coizby Cy s
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In the presence of cut-outsg there enters into the value

acC R -
of -z the decreased area of the tail surface,.
o 8
BCm
Thus the decrease in comes from two sources,
S.L
namely the decrease in the coefficients B and the de-
ac Sb

creage in -E? for the tail surfacse, If this circumgtance

is to be taken into account, it is necegsary to introduce
into the result obtained by Biechteler a correction for
change in area of the tail surface, When this is done, we
obtain a sufficiently good agreement of our formulas with
the flight tests of Biechteler = 0.906 and from

Biechteler's tegsts 0.897).

(Wcomp

Thus we have the following relations that take into
account the effect of cut-outs on the tail characteristics:

‘20

v 0.0424 :

1) : = (14)
ofo 1,73 +A

(it must be remembered that larger cut-outs somewhat lower
this value)

ac cC Sb 1
2) - - yn<l~0.75 2 >\u (19)
A8 3q Scs
oC : . S
3) Gy = - [§° + nd° (11 - o.75 —2L W] (20)
aa Sce -

c) Effectiveness of the Tail Surface with Servo Controls

The presence of servo controls reflects strongly on
oC
the values of ——X, i.e., on the slope of the curve Cy =
08
£(8). Naturally, in deflecting the servo control in a di-
rection opposite to the deflection of the main control sur-
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face, the effectiveness df the latter will more or leass be
reduced, depending on the basic parameters of the main-~ and
8OTVOo- control gurfaces.

. In our tests for the determinatlon of the effect of
the servo control on the effectiveness of the mein-control
surfuace, we applied the following method. We obtalned a
serles of curves 0y = £(8) for various settings of the

servo control varying € from 0° to 20°., On figure 13 is
given a series of such curveg for tall surface No. 9 with
6 percent servo area for three values of the gervo-control
getting, namely, 0°, 100, and 20°. With the aid of these
curves, we constructed the curve Cy = £(8) for a simul-

taneous deflection of the servo-control flap by the angle
8, which was in constant ratio with the angle of deflec-

6
tion &8 of the main-control surface, i.e., K = = re-
. . 6
" mained constant, Tne curve C_ = f(§) +thus obtained with

¥y
deflected servo tab was compared With the curve obtained
wlthout deflection of the servo tab. Thereafter, in con-
ducting tests on the models of some alrplanes, the tost
technlique was very much simplified by the presence on the
models of kinematic linkages between the servo- and the
main-control surfaces (reference 8).

The method we had chosen made 1t possible to obtain

an angwer to the guestlon of the effect of the pervo con-
trol of the servo-balance type on the effectlveness of the
naln-control sdurfaco. In solving this same problem for
servo controls proper, the method of conducting the tests
would be different, as for example, the method used by Reoid
(reference 9), which consisted first in determining the ro-
lation Gy = f£(8) without servo tab and then determining

the new relation with gervo tad added, the latter belng de-~
flected by an angle which, for a given deflectlon of the
meln-control surface, assured a gero hinge moment., The lat-
ter ‘method could also be applied in investigating servo con-
trols of the balance type, but 1n our opinion, 1t is less
gsultable than the metinod we had chosen for a systomatic in-
vestigatlioh with the object of obtaining a deflnlite connec-
tion between tho .Xoss in effectiveness of the maln-control
surface dus to the prosence of the gervo tab and the variour
parameters of tho tall surface. 1In any case, 1t ls neces-
sary to bear in mind that the results of the tests obtalned
‘'by these two methods may -ba made comparable only after they
have been brought into correspondence with each other,
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The results obtained by us by the above method are

. given in figures 14 to 19 for all of the six arrangements

of the gservo- with the main-control surfaces, On each

fizure are given the curves Cy = £(8) with undeflected
servo tabd (8 = 0) and with deflected servo at X =
" .

é = 1; i,e., at such deflection of the servo tad for which
the angles of deflection of the main- and servo-control
surfaceg woere cqual but of opposite sign. The dotted
curves of figures 14 and 15 are for the same tail surface
and servo control dbut unbalanced, From these curves it
may be seen that axial balance has no effect on the 1loss
in effectiveness of the main-control surface due to the
servo tab but decreoases the waximuam 1ift coefficiont

C,
Jmax

A formula that takes account of the loss in effective-
ness due to the servo ‘ab may be proposed of the following
form:

AC_ S
7.2 sc t - a
ACy, = = y <1 + -:)K(l - 0,00258 K)8 (21)
Be 1 4+ A, 385 s b
+ t th
where b is the mcan servo chord
b, the chord of the main-control surface at the po-

gsition of the mean servo cnord,
The value X = g (coefficient of kinematic linkage) enters

as an absolute factor in the formula, Table IIl kelow gives

the values of AGy obtained with the aid of-this formula
sC

for & = 10° and K = 1, and those obtained directly from

tests on all gix cowmbinations of servo-and main-control sur-

faces Nos, 8, 9, and 10,

Table III
T
SSC
=== 0.c5 | 0,06 | ©.o75/0.1075| 0,13 | 0.15
M

30, !

vy 0.0219{0,0200/0.0179|G.0219 [0.0200/0.017¢
4Cy (comp.) |-.0138,-.0152 |-.0173|-.0321|-.0853|~.0399

s

ACy  (exper.)|-.013 [-.015 |-.017 |-,085 |-.085 |-.04
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The results of the comparison may be considered -entirely
patlisfactpry, This'loss-1n effectiveness of the main-con-~
trol surface must therefore be taken into account 1n the
computation of -the static stabllity in determining Omz

duo to the tail surface at varlous deflections of the main-
control surface.

In recent times on all high-specd sirplanes are mounted
tall surfaces with fixed stabllizer with the object of ob-
taining the smoothest poesible connection of the tail por-
tion of the fusslage to the tail surfaces ard hence a botter
flow and reduced parasite drag. In such cases a servo-con-
trol tad selected from tanc condition of li.iting deflection
in landing may be convoniently dlvided 1into two parts, one
of then in the form of a balancingz tabd, tle othoer controlled
fron the pilot's cabln to bo held in resorve as & trimming
tab 1n the cage of insufficient balaunce fro:: one of tuc ser-
vo-control tabs, In landing, hotn servo-control tabs work
torother in one direction relieving the pressuroc on tac
sticiz. TFor those flight corditions, however, wherse such
large balarnce is not requlred, the servo balance operates
eithor by itself or in conjunction with the trimning tad de-
flected by & saall angle rogquirod to obtain noraal pressure
on the control stick, With the ald of such a combination of
servo-control and trimaning tadbs, thero is .iore convenlently
obtained zero pressure on the stick for ary condition of
gteady level flight with fixed stabdbilizer; 1.e., with the
aid of a trimming tadb, 1%t is poselblo to so recgulate the
control in flight that flight can be accomplished wita stick
free.

In the presence of a trimming tad the change in 1lift
cy of the control surface may be taken into account by the

following empirical formula:

Ytad 1 + A, 98 S_

t
.(1+%.> (1 + 0.00258, 64,0640y (22)

Tqis formula 1e obtalned from formula (21) by replacing K

in the latter bJ %.

Thus the effectiveness of the tall expressed by Fformule
(20) modified to take account of the loss in effectiveress
due to the gorvo control tad 1ls given by the followlng for-
lula:
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x| |
Cp = —XL(q% 4+ n(1 - 0,75—222 bal v-f -——-59-+——-U——- (28)
y 3o \ DC‘L
86 o8
where AC and AC are token from formulas (21) and
Yse Ytab

(=2).

The servo controls with cut-outs, as has already been
stated, were the same as those of the flap type except
that they d4id not extend over the entire span but only over
part of it. To explain the effect of the spanwise position
of the servo-control tab, the servo controls in our tests
were placed first at the center and then outboard of the
span (fig. 6). On figures 20 and 21 are given curves of
effectiveness of the main control surface with and without
deflection of the servo-control tab,., Examination of these
curves shows that the different location of the servo-con-
trol tab along the span has no effect on the loss in effec-
tivenessy in both cases we have the same loss 1in effective-~
ness. From the point of view of the loss in effectiveness
of the main-control surface, it is thercfore entirely im-
naterial where the servo-control tad is located with respect
to the span for a constant-chord control surface. In the
case of a contrel surface with variable chord, it is natu-
rally more advantageous to place the scrvo-control tad at
the position of maxinum chord of the main-control surface.

A comparison of figures 20 and 21 with figures 14 and
15, which show the curves of effcctivencss of the same tail
surfaces with scecrvo controls of the flap type having the
same areas, shows an increased loss of effectiveness for
the servo tabs with cut-outs. At the same time, however,
we see ln all cases a good agrecment of the test results
wlth the valucs of AC obtained by formula (21) for & =
10°¢ and X = 1. The results are given in tadble IV.

Table IV

Type of servo

flap center loutboard
ACy from fornmula 0.0152 0.016 0.016

AC from tests .01l5 .0158 .0158
Yse

This increased loss of effectiveness in the case of the
servo tabs with cut-outs as compared with the servo control
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of the flap type 1s & result of the decreoase in span of the
gervo-control tab,and thilsg 1g .taken inte account 1in formula

(21) by the factor (1 +'%> . Hoence from tho point of view

of decrease 1n .effectiveness of the main-control surface, 1%
is advantageous to glve the servo-control tadb a greater sapan,

The servo controls that were mounted at some distance
from the tralling edge. ware of the same slze as regards area
ag-the flap type of servo N¥o. 9 with the small servo area
and the servoc tabg with cut-outs, l1.e,, the servo area was
slx percent of that of the maln-control surface, It was
thus possible to compare .the effectivenegs of tne servo con-
trols of the three types. The outrigger types were mounted
at various distances from the trailing edge starting with
"zero distance" wnere the leadlng. sdge of tho servo tad co-
incided with the trailing edge of the main-control surface

ard ended with a projocted distance of three chords, l.o.,

winen tae leading edge of the servo-control tab was at a dis-
tance from the tralling edge of the maln-control surface
equal to three servo-control chords, The servo-control

tabs were of rectangular plan form and aspect ratio A = 6.

As regards tne lose 1n effectiveness of the main-con-
trol surface due to the servo-control tadb, it may be seen
from figure 22 that this lose in projecting the servo-con-
trol tad out from the trailing edre reduces to a minimum
and practically need not be taken 1into account. Thls 1s
due to the fact that in the case of tie servo control of
the flap type and type with cut-outs a deflectlon of the
servo control is equivalent to a change in the camber of
the main-control surface, an effect which shows up strongly
on the change in its aerodynamlc characterigtics, In the
case of the outrigger-type, servo controls, however, any
decrease in the effectiveness of the maln-~control surface
ie¢ due to the interfereonce effect between the servo- and
main-control surfaces as in the case of a tandem-type wing
or biplane cellule,

Thus, servo-control tabs which are projected out from
the tralling edge have a clear advantage over other types
ag far as their effect in reducing the cfféectlveness of
the main-control surface 1s concerned, This advantage,
however, 1g hardly offgset by the structural complications
and greater tendency to vibration introduced dy such a sys-
tem and also, 1t must be supposed, by the greater drag due
to the projecting brackets, From these consliderations 1t
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ig hardly probable that this t ype of servo-control tabd
wWill receive any wider application than it hag received
up to thig time. These congiderations led us to limit
tne number of tests on this type and the tests conducted
are therefore gquite insufficient for derlving any basic
formalag for the outrigger type servo controls, The for-
mulas given for computing the effectiveness of the gervo
control and the loss in effectiveness of the main-~control
surface due to the other two types of servo, i,e., formu-
lag (22) and (23), are not suitadble for the outrigger type
of gervo control,.

4, EFFECT ON THE DRAG

Tne guestion of tail-surface drag is beginnings to at-
tract more and more attention in connection with the in-
creasing speeds of airplanesgs. Je have alrcady pointed out
one of the factors connected with a decrease in drag, name-
ly, the application of gsections with sharpened leading edge.
Thie advantage in thig case will glhiow up particularly at
large speeds wherc Ba > 0.4 (refercace 10).

It was very intcresting to note the role of cut-ouvts
in incrcasing the drag of the tail surfaces. TFigure 24
shows how considerable may be the increaso in drag with in-
crease in amount of cut-out, The curve gives the upper
limit of the increase in drag obtained for tail surfaces
with straight cut-out edges (fig, 10a) tail surface No., 12,
and the gsurfaces tested in the Japanese laboratories, A
change in the form of the cut-out obtained by giving a
streamlined foram to the trailing ege (fig. 10b) gave for
the same tail gurface, Xo, 12, a considerable decrease in
drag. (See reference 6%,)

An analysis of the polar of tail surface No., 12 (fig,
25) shows that cut-outs have an effect on the profile drag
and affect the induced drag only by the usual amount through
the aspect ratio A (witaout additional corrections).

Examination of figure 25 shows that tne change in pro-
file drag of the tail surfaces with increase in cut-out re-
mains almost constant over the entire range of the polar, a
fact which indicates the correctness of the method of de-

2
fining A Dby tne ratio L . If we nad considered that
8

true

*The curve on our figure was obtained by a work-up of the
experimental data given in this report.
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the cut-out had not changed A, we would bhave received at
large angles of attack a sharp decrease ln the profile
drag and thle would not have corresponded to the physical
phenomenon. On figure 26 are gshown the curves of drag for
tail surfaces with various forms of control surface load-
ing edge (Nos., 3, 4, b).

5., CENTER OF PRESSURE

As 18 known, in the computation of stability as nor-
mally conducted in design offices, the conter of pressuro
of the tall surface 1s consldered as lying either on the
hinge axlis of the elevator or at gome other point of the
tall-surface chord as, for exaxple, at one third chord, It
was interesting in testing the models to investigato how
these rough approximatlons corresponded to the actual sgtate
of affairs. With this idea in mind, we proceeded as fol-
lowg. 'Conslidering the work of each tall surface, we may
divide the 11ft coefficient Oy of the tall surface into
two parts, a part Cy depending only on g at 6 = O,

a
and a part Cys depending only on the deflection of the

control surface for some constant angle Ay .

Under these condltlions, the moment of the tail surface
nay be written in the following form

C_=n_ C

m a ya + ag cya (24)

c
In this expreseion the value my = —= at undeflected
ac
oC,

elevator ig the gawme asg 5:— for a wing which has the same
1%}

L v
plan form as the taill gurface. Thls value may be found be-
forehand analytically knowing the plan form of the tail sur-
face (reference 1l1),

In the case where wind-tunnel teste on the model tail
o3
surraces are available, the value of m, = —_ may be di-

c
° v

rectly obtalned from' the test curves. The valus of gy
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does not dopend on the profile section and practically
does not vary as a result of cut-outs at the- trailing
edge, as may be seen from the tests on model 12 (fig. 27).

The coefficient Cy. is the Cy of tne tail surface for
(a4
5 = 0°,
3
C = —EZ a’
ya 3 al

Tae second term on the right of equation (24) is made up

of gqg and uya where Cya is a function only of &8
20
C, = —~L §0
) 08 _ i
ﬂ't' - . C
Uy CJ@ + ya
BC:l .
and qg = oscillates about a .uaean wvalue of about 0.48.

fal
o¢,

Thce probable relative error in determining the value of ag
is 4.5 percent.

Thus the mowaent coefficient of the tail surface and
hence also the position of the center of gravity may be com-
puated from the formula

oC acC
y y
Cpp = Mg ——— ¢ + 0.48 —— & (25)
m 8 aa 86
;EE + 0 48221 5
T2l P YT TSR (26)
L 3¢, 3¢,
—~% 4 —= 3
da 08

The method just explained enables a preliminary rough

computation to be made of tae mo.aent coefficient O, and a

imore accurate location of the center of pressure on the tail
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surface. Although the effect produced by the change in
lever arm of the force-acting on the tail surface is smsall
even "gmall differences”" in the -moment ‘of the entire air-
Plane and the balancing moments arlising from the deflsesction
of an elevator of a modern alrplane with small degree of
stabllity require as great accuracy of computation as pos-
gible 1f it 1s deslired to obtain agreement between ths com-
puted and actual performance., Nor a comparison of the vari-
ous methods of finding the center of pressure on the tail
surface stabllity computations were made on one of the alr-
planes wlth a small degree of stabllity., The computation
wag carried out by four methode,

1) By taking into account tae actual coefficients
Cy, Cx, and the actual lever arns
of the forces - the "accurate" moethod.

2) By the method proposed by us,
3) By considering Cyt located on the hinge axis,.

4) By considering cyf located at 25 percent chord

in the alrvplane plane of symmetry.

3y computing C, , Wwe may set up a tablc giving the
z

m

%t

ratio This ratio may be takem as a uweamsure of the

csz

perfectlon of the method

Taole ¥

o 0] 4 8 12

cmz II
=1L | 1,0125 1 1.02 1.019
Oz I )

Z
- III - 1.078 1.078 1.06E
-z I
Ca
2z 1V - .939 ° .288 .978

g Y
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The method proposed thus appears to be more accurate
than those by which the center of pressure isg located at
25 percent chord or on the hinge axis., It may be said in
rassing that it may be considered more correct to locats
the center of pressure at 35 percont chord.

6. FORCES IN DEFLECTING THE ELEVATOR

a) Unbalanced and Balanced Tail Surfaces

As is known the questiong of stadbility and balance of
the airplane are intimately connected with those of the
forces which arise in controlling the airplane., The mutual
relation between these problems is particularly stroang when
congidering the behavior of the airplane with stick frec as
wag pointed out in the first section of our article. The
possibility of computing the hinge moments of the control
surface is thus sssential not only from the point of view
of determining the control forces but also from that of
evaluating the stability and balance of the airplane.

The control force T 1is expressed in the following
form

T = K, iy = Ko Cn P Scg v beg (27)

where Ko ig the coefficient of transmission from control

gsurface to control stick, EHence to find the control force
it is necessary to know the value 0O, which may be ex-
pressed Dby

8cg = K,ay + Ky Scg (28)

It will be our object to bring out the relation bpe-

aCh a0 "

tween the values _— and ?ﬁf and the basic parameters
aq

of the tail gurfaces. It is first nccessary to make a few

remarks. Since our tests were conducted on tail surfaces

with axial balance, without balance and with servo balance,

we can give quantitative descriptions of only these three

types of tails.
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The second romark refers to the increasc in accuracy
in the determination of thé value of the axial balance., 1In
a detalled conslideration of the problem it appeared useful
to define the axial balance as shown on figure 28, It thus
appeared that certain tall surfaceswhich were consglidered as
unbalanced by thelr designers had 3 to 7 percent of axial
balance.

Tho third remark relates to the followlng considera-
tlon. The determinatlion of the hinge moments in the lab-
oratories 1s an operation taat is less accurate than the
detsrmnination of the effectivoness gso that the coefficiont

C, for even large tail models is much less accurately de-

 termined than the 1lift coefficlent Cy. For this reason
the same accuracy cannot be expectsd of the relations ex-
presslng the hinge moments as of those expreseling the 1ift
coefficient Gy.

As may be seen from the given curves Oy 1is esgen~-
tially a linear function of & for +15 > & > =15, so that
there is no difficulty in finding the slope 3Cy,/08, Re-

ferred to the mean geometrlc chord of the control surface,
we obtain the curve shown on figure 29, which enables

C .
%E? to be expressed by the followlng relatlon which agrees

closely with that proposed by B. F. Goncharov (reference 12)
for tho cagse of axial balance:

Xh ( Sbaly
53 = 0.00573 \1 - 3,33 S / (29)

This magnitude depends on the form of leading edge of
the control gurface and of the tip of the stabllizer, on the
amount of cut-out, and on a npumber of other tall-sgurface
paraanetcrs. We thorefore obgerve on the curves a rather
large amount of scatterinz of the points, which arrange
themselves along a family of stralght lines, The extreme
limiting coefficients before the parenthesls in formula
(29) will be 0,00675 and 0.0047, Thus in taking the coef-
ficient .as 0.00573, we make a possibls error of the order

ac
of 15 percent. If wo take for sé? the straight line with

slope 0,00573 as the basic one, then computation of the




N.A.C.A, Technical Memorandum No, 941 35

probable relative error gives the value r = 9,75 percent,
This figure is considerably reduced if the coefficient is

chosen so as to take into account the tail characteristics
ags will be geen below,

It is as yet difficult to speak of a greater accuracy

.in determining the effect of the tail characteristics on

aly
the change in

since on the one hand the probable er-

ror is large and on the other the phenomenon ig.so compli-
cated that a detailed analysis at the pregent time is la-
borious. On the basgis of the available material, it is
possible to estimate roughly the chanze on 2C,/38 which
is broughtabout by cut-outs. From a comparison of the re-
sults of the tests it is evident that a cut-out decreases
Cy . :

Eﬁr' the relation beoetween the latter and Scut—out/SCS

being shown on figure 30, This decrease is to be expscted
since the loading is reduced and the lever arm of the hinge
moment decreases as a result of the forward displacement

of the center of pressurs.

0f the other elementg of the tail surface that nave an
ac
cffect on 3??, there may ve mentioned the form of the
C
leading edge of the control surface, The blanketed leading
edge in the presence of axial balance gives an increase ina

20y,

ad

scrcened by the trailing edge of the stabilizer. When the
trailing edge of the stabilizer is made sharp, the effec-

tivenegss of the balance increases and the slope decreases
(comparc tail surfaces 3 and 4),.

since the balance is not coupletely cffective being

Guided by these data we may indicate the probable lim-
dC- '
its for the curve of 75? against Sya1/Scge For tail

surfaces without cut-outs and with sharp leading edge of the

control surface ghielded by the stabilizer, it is necessary
oC
h

als)
curve, namely, 00,0057 - 0.0667, On the other hand, for

to take the upper values for the intercept of the
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.tall surfaces with unshlelded leading edge and with cut-
outs, the value of the lntercept must evidently be chosen
within the range 0.0047 - 0,0057,

The other derivatlve determining the value of the

ach

da

oC
even greater dlfflculty than 3?? gsince the method itsolf

hinge moment, namely: i1s obtalned from tests with

of finding this derivative fron the test curves determines
a large probadle error. TFigure 31 glves the dependence of
oCp on Sca and Shal
da St Ses
form of this relation for a ccntrol surfece with ursharp-
ened lcadlnz edgo 1s

« The analytical

tho derivatlve

ac
h S Spa.
—_— = (o.oosza - 0.0166 bal) 11 . (30)

The curves on the figure are interpolated straight
lines. The polntsg correspond to the values Kg for the
tail surfaces tested. The values of Sy.q1/35,, for all

tall surfaces may be taken from table I, The probable
relative error obtalnéd from a comparison of tho computed
3¢
valucg of e and those obtained experimentally i1s 33,7
Aa
percent,
. ach
The accuracy ln the detcrmination of E;— 18 laess
aC @
than in that of -——2 but-this defect is compensated by tho
28 3c,
a5

fact that the term in the general expression for O

oG
18 of considerably less importance tharn the term 7§?.
A0
Ag regards the change in ??E with modification of
.o . o4
" the tail gurface, 1t is difficult to draw any conclusions
as to the effect of cut-outs on account of the inconsist-
encies involved. The greatest value of the derivative
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_aC
?;E is given by a dulled leading edge (tail surface No.

a
5). This value of 0.0008 comes nearest to that determincd
by formula (30), namely, 0,00095, A sharpened nose of the
control surface (tail surface No, 3 or No. 4) gives a
larger decreage in thlg derivativs,

Thus, the mean value of Ch for the unbalanced and

balanced tail surfaces ig completely expressed by the re-
lation

r S S Scq
¢, ={0.00573(1 - 5.3522L) 50+ | (0.00538 - 0.0155 bal\,ﬁ-—Jao

(31)

) Tail Surfaces with Servo-Control Tabs

The procedure for obtaining the curves of hinge-moment
coefficients with servo-control tabs was the game ag for
obtaining the curves of effectiveness of main-control sur-

face, A fawmily of curves, Ch = £(8), with 6 thc setting

of the servo-control tab as paramefter was obtained, The
curves are shown on figure 32, From thesge curves were con-
structed the curves Cy = £(&), taking into account the
servo-tab deflection for the ratio K = g cqual to unity.

These curves were obtained for all the servo controls, On
figures 33-38 are given curves of the hinge-moment coeffi-
cients as a function of 8 for various amounts of balance,
For each balance condition there are given two curves of
hinge-moment coefficients: onec without secrvo-tab deflec-
tion and onc with servo-tab deflection for K = 1.

Formula (28) may be written in theo form

Op = Kyay + K8 = Oy + Oy

where dt is the angle of attack of the tail surface and

§ tho angle of dcflection of the control surface, From
the curveg given, an cxprossion may be obtaincd for the
coefficient X, which shpuld consist of threc terms,
namely,
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oCp dCh oCn aCp
¥ =—=(---—. —a, b _ , O (33)
Y a8 /o Y 28
where (EEE is the value of 9Cn without any balence,

a8
is the decrease in the value of °

ach )
Aa——-—

o8

30h  gue to bal-
o8

ancing anil, finally,
a0y

o8
firast .two terns for

is the decrease 1in the value

of due to the servo tab. The expresslion for the

xs. 1.3.'

( ach ach
%/, 2r7:m
has already been met with before (formula (31)).

The effect of the servo-control tad 1n decreasing the
value of Cp,, which we denoted in formula (32) by Aachs

was obtained from the same curves of figures 33-38 and may
be expressed by a formula very similar to the one which
takes account of the loss in effectivensss (21)

7.5 acl ssc
1 + At 98 Scs

AgCh, = - (1 - %) (L - 0.0025 87K) 8 (33)

In table VI below are given the values of Ag cha.

cdﬁputed by this formula and also the values obtained from

tests for & = 10°. .
Table VI
Sec 0.05 |0.06 [0.075 [0.110 [c.130 [0.160
SOB
A Cp, (comp.) .012| .014| ,0155| .037 | .0285| .030
A Oy, (exper.)! ,010{ .014{ .017 | .032 | .030 | .30
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ag
With regard to "K;, = —= it should be observed that
o - - -

the presence of a sgervo-control tab does not change 1its
value- and thils circumstance, which makes the servo.balance
differ considerably from other types of balance, shows up
very disadvantageously on the stability of the airplane in
flying with stick free, there being obtained a lowering in
the 'stability, The deflection of the unbalanced control
surface in flight with gtick free determined from the con-
dition of zero value of the hinge moment according to for-
nula (7)

EL oy (7)
K

§ = -~

2

hardly changes as a regsult of axial balance since the co-

efficients K, and Ka change at the same rate with in-

crease in the amount of balance as a result of which their

ratio —¥ may, for a tail surface of a given type, be

Ko
considercd constant. In the case of servo balance, how-
ever, the valus of § , as a result of the increase in Ky

at constant K,, sharply increases and therefore the sta-
bility of the airplane in stick-free flight is relatively
lower ag compared witia the stability with free unbalanced
controls, This fact must be taken into account in provid-
ing the elevator with servo balance, since with a small
reserve of stability with free, balanced controls the air-
plane may become unstable in flying with stick free,

In our present Work no special investigation of the
effect of a change in angle of attack of the tail surface
on the action of the servo-control tad was undertaken in
view of the fact that the data available on other tail sur-
faces have shown that a change in the angle of attack up
to 12° has no effect on the effectivensss of the balance
due to the servo control, The angle of attack of the tail
surface generally does not exceed 12° and for this reason
we did not find it necessary to conduct a special investi-
gation on our tail surfaces but decided to make use of the
naterial already available on other tail surfaces,

On figure 39 are given curves of elevator hinge moment
coefficients for tail surface No, 14 with 6,44 percent ser-
vo-control tab for angles of attack of the tail plane «a, =
0° and ot = 10°., The curves of the hinge moment coeffi-
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clents in both cases run equidistant from oach other, The
ga.ae may be observed on two other curves. Flgure 40 shows
the hinge-nmowent coefficients for tall surface No. 11 with
10 percont-servo and figure 41 shows the curves for NWo. 12
with ? and 1lO-perceant servo, On the latter figure (41),
there may be observed a change in the effectiveness of the
balancé only at a tall angle of attack cqual to 149, no
change being observed up to 129, PFinally, on figuro 42 aro
shown the curves of effectlveness of tho tall, 1.e., the
curves Gy = £(8) for the various values of the angle of
attack a® with tho servo deflection taken into account.
These curves also llkewlige run parallel within theilr linear
ranges,

It may be considercd that a change in the tall angle
of attack has no markod effect on the operation of the
servo-control tab up to 12° and hence no corrections have
been cmade in our formulas for chahge 1ln angle of attack.
Congequently, the general formula for the hinge moment tak-
ing 1nto account axial balance and servo control may be
written thus:

s
1.
balvs® a0 4
) 2 "h,
cs

4
Oy = 0.00573 (1 - 3.33

s s
+ [(o.oossa ~ 0.0166 -351-\--&"-] a® (34)
sca/ t

where Ag C is taken from fornmula (33).

“hg

Where there is a triucing tab'the hinge-nmoment coef-
.flcient changes by an amount determined by the formula

7.5 Oy Sgayp , b
. .1-_)(1+o.00258 €4ab) 6
1 s At >3 Sos \ 3 . csttab’/ btabd

Ag'COn, =

(35)

The formula for the hinge noment that takeﬁ into ac-
count axial balance, sorvo control, and trimoing tabs, aay
be written as followsg:
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s
Cp = 0.00573 (1. - 3.33 —21)8° + 4,0y + A5'0y +
SCS 2 2

[(o 00538 ~ 0,0166 Sbal )Scs ] a® (386)
scs d St

In formula (33) as in formula (21l) there enters the

factor X = %, i.e., the coefficient of kincmatic link-

age, Which uust be chosen in such a manner that the servo

control is offective over the entire range of deflection
of the main control surface, PFrom figures 33-38, we may
gee that the servo tabg remain effective only up to a
certain limiting servo deflection © beyond which any
further deflection remains entirely ineffective. On the
saqne curves it may be observed that a decrease in the
slopes of the hinge-moment curves due to the servo con-
trol occurg up to about 15% beyond which the hinge-moment
curves With servo run parallel to the corresponding curves
without servo,

This is particularly clearly seen on the curves of
equilibrium angles of the main and servo surfaces. The
latter curves were obtained simultaneously with the curves
Cy = £(8) during the hinge-moment tests., The method of
obtalning them was as follows., For a ziven angle of at-
tack o and given servo deflection € there was meas-
ured for the deflection & of the main-~control surface
for which the.moment of the air forces acting on the sys-
tem composed of the main and servo surfaces, was equal
to zero. By varying the servo angle 6 from O to 40°
there was obtained the "floating angle" curve = £(6)
for a given angle of attack q. Such curves were obtained
for all of the six servo arrangements with various degrees
of axial balance, i.e., to each curve 0y = f(8) of fig-
ures 33-38 there corresponds the floating-angle curve 5 =
£f(0). The latter are given on figures 43-48.

As may be readily obgerved on examination of these
curves, the gervo controls are effective only within the
relatively small range of servo deflection from 10° to 15°
beyond which the curves have a very small slope, which is
the same for all the servo controls independent of their
dimensiong, whereas in the range of effectiveness of the
servo control the slopes of the curves increase almost
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proportlonal to the increase in servo area. The value of
éé l1s a measure of:the senéitivenésa of the main-control
aof

surface to deflectlon of the servo gurface. Where there
lg axial balance the sensitiveness of the main-control
surface 1ncreages with particular sharpness near the lim-
i1t of balance, 1,e., from 20- to 30-percent axial balance,
On figure 44, for example, which gives the'c¢urves for 6
percent servo-control tab, there is tho same increase in

éﬁ in varying the balance by 3 percent from 26 to 23 per-

20.
cent as in changing the ‘balance by 10 percent from 10 to
20 percent,

A further increase in the degree of baldnce Las a
stlll groeater effect on the.increase in the sensitiveness
of the main-control gsurfaces but, on the other hand, de-
creases the range of servo deflections up to 10 percent,
W¥ith further deflection of the servo controls, the sen- -
sltiveness drops sharply to zero, 1.e., the angle of do-
flectlon of the maln control surfaces does not increase,
Thus the axial balance increcases the sensitiveness of the
maln surface to deflection of the servo surface but de-
creapgeg:.the limits of effectivenees of servo deflsectlon
from 15° to 109,

Guided by the foregoilng remarks with regerd to the
equllibrium angle curves, 1t is always possible to select
in any given case such a value for the coefficient of
kinematlc linkage X as would assure a complete utiliza-
tion of the servo '‘control for the entire range - ‘0f defloc-
tion of the main-control surface, P

For the limiting allowable gervo deflection, ‘there
may be taken the value 15°. The valuo of &,,, however,

is detormined from a computation of the longitudinal static
stabllity and controllabllity as the limiting elevator de-
flectlon required for landing, Thus the 'value of the link-
age coefflcient K 1g determimed from the following formula

15 .
K = E—H— . . (37)
nax ) .
which gives the limiting valueé for K, A larger value
than this for KX cannot be taken since in that cage the
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servo-control surface will have exhausted its effectiveness
before the main-control surface is deflected to its limit-
ing position, A sgmaller value for K than that given by
the above formula is disadvantageous since thig will give a
greater loss in effectiveness of the main-control surfacse,

On figure 49 are given curves of hinge-moment coeffi-
cients of tail surface No. 9 with cut-out servo tadb., It
may be seen from thess curves that a servo tad placed out-
board of the span is more effective than one placed at the
center of the gpan, in the sense that it decreases the hinge
moment -control force, Comparing the servo with cut-out with
the servo of the flap type (fig. 34), it way be said that
the latter is more effective in decreasing the hinge moment,
a fact that is again explained by the difference in the ra-
tio of servo chord to main-control-gsurface chord and is tak-
en into account in formula (33) by the factor (1 - t/b);
i.e., by the change in the gservo tab agpect ratio, - The val-
ues of Agchg as obtained from test and as computed from

formula (33) for a cut-out servo (at center span) are the
sane and equal to 0,017 for & = 109, Consequently, also

as regards maximum effectiveness of balance, it is necessary
to give the servo tabs as large an aspect ratio as possidle,
If it is not possible for structural reasons to give the
gervo surface the forwm of a flap, then it is desirable, in
order to increase its effectiveness, to make use of the "tip
effect" by placing it along the end of the span, provided
such a location does not possibly give rise to vidbration.

Figure 50 shows curves of equilibrium angles 8a=
£(8) for the cut-out type of servo control. Comparing
these with the curves on figure 44, i.e., wWith those for
the flap type, we may observe a complete correspondence
with the hinge-moment curves, i.e., a greater effective-
ness of the outboard servos and a loss in effectiveness
of the ‘cut-out types due to decreased aspect ratio,

Figure 51 shows hinge-moment coefficient curves C, =
£f(8) without servo tabs and with outrigger servo tabs
for K = 1., It may be seen from these curves that the
hinge-moment coefficients with undeflected servo increase
as the projected distance from the trailing edge is in-
Creased, Thls is explained by the fact that for the undew
flected condition of the servo, the latter produces a mo-
ment in addition to that of the main-control surface. As
the distance of the servo frou the trailing edge ig in-
crcased, the lever arm of the servo tab with respect to
the axis of the main-control surface increases and hence
thereo arises a harmful additional hinge moment when t he
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gservo tab is undoflected. With the servo tab deflected,
the effectiveness of the balance also increases with in-
crease in distance from the tralling edge.

Thusg from the polnt of vliew of effectlveness of the
gservo balance, 1.e., doecrease in the hinge moments, 1t is
entirely immaterial how much to carry the servo tabd out
behind the trailing edge. 'For. the same servo tadb and the
saxe value of ‘X at any distance we have the samo value
of the hinge moment C,. Hence the value of Oh does not

depond on the distance for the outriggor type of sorvo
flaps.

Coaparing fligure 51 with figures 49 and 34 in which
are given the curves O0) = £f(8) for the cut-out and flap
typo of servo controls 1t.may be seen that the slopes of
the curves with the servos of all threo typos ars very
nearly the same and have a mear value of 0,004, sonewhat
legs for the cut-out and flap t¥ype and somewhat more for
the outrigger type. Tho latter type compared to tho othor
two types thoerefore has the advantage that it remains ef-
fective up to a large deflection angle.

Flgure 52 showsg the equilibrium;angle curveg for an
' as
outrigger servo tadb. The value of :a. l1.8,, the sgensi-
C

tiveness of the main-control surface to deflectlon of the
gervo surface decreages at flrst with increase in distance
from the tralling edge and then somewhat increases, Tor a
d;ﬁtance of 1-2 chords, for example,"thq.value of gg ig
less than in the case of zero distance gﬁay; and in the
cage of a servo control of the flap and .cut-out type, at a

SRR Y. 3
distance of 3 chords the value of ;E increases somewhat

for small values of € and then decreases again, Tae
range of angles at which the outrigger type of servo con-
trol retains its effectiveness increases as compared with
the other types, and has a mean value of 20°-259, The

saae phenomenon may be observed on the curves of figure 51
glving the curves of hinge momont coefficlents for the out-
rigger sgervo tabs.
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7. CONCLUSION

In ths solution of a number of problcms on the sta-
bility and controllability of airplanes, there arises the
necessity for knowing the characteristics of the tail sur-
faces of the types in common use today. O0f these charac-
teristics, the most important are the effectivenesgs and
hinge moments of the tail surfaces, As has been shown in
tne presoent paper, there exists the possibility of deter-
aining these characteristics by the formulasg obtained -with
a degree of accuracy sufficient for the purposcs of a pre-
liminary computation, These formulas take into account a
nuuber of fundamental taill characteristics., One of thege
is the presence of cut-outs on the control surface (it is
true that in recent times designers with complete justifi-
cation try to avoid these cut-outs). A method has here
been presented of estimating the effect of these cut-outs
on the tail characteristics., The experimental data present-
ed in this paper also provide the possibility of egtimat-
ing the effect of a number of other factors, as for exauwple,
the fora of the control surface leading edge.

Tane general nethod of comvputing the critical center-
of-gravity location of the airplane . (forward and backward)
ig congiderably simplified., Thisg is particularly true
with reference to tne critical backward center-of-gravity
location for which the case of stick-free flight is the
deciding one,

Of all three types of sorvo control considered (flap,
cut-out, and outrigger), the most favorable from the point
of view of application as balance tab ig the cut-out type,
since it is light and structurally simple to mount with the
usual form of horizontal and vertical tail surfaces.

From the point of view of maximum "efficiency of bal-
ance" and minimum loss in effectiveness of the main-control
surface, it is necsssary to give the servo tab a largecr as-
pect ratio.

By utilizing the "tip effect" in placing the servo tab
outboard of the span a certain advantage can be gained,
provided such a location does gives rise to possible vibra-
tion,

The gerva tabs of the outrigger type for structural
reasons cannot be conveniently mounted on the usual tail
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surfaces., For those tail surfaces, however, for which a
very large control-surface deflection 1ls regquired, as for
exa_.iple, in the case of vertical surfaces of tallless alr-
planes, the outrlgger type of sorvo tad will undoubtedly
have the advantage oveér -the other two types conslidercd,

-Servo controls are at the present time used essentlal-
ly in the form of trimming tabs., The fact that servo -bal-
ance flaps notwithetanding thelr evident advarntages over
other types of balance in some cages glve place to other
meansg of balanclng 1s in our oplinion explained firet hy the
fact that -desligners are improving the stabillty and control-
lability by a careful positloning of the center of gravity
and by a careful cholce of wing section and plan form, It
1g evident that by these meansg the probloms of balanciag
and reduction of forces on the stick are simplified and at
times make control-gurface balance entlirely unnecessary.

In the second place, sorvo tabs, as has been shown iIn the
present paper, tond to decreagse the stabllity of an alr-
plane with stick free and thirdly 1n the absence of welght
balanco of the control and with inaccurate design the
critical speed at which vibratlons are sct up 1ls lowered,
A tri:aming tad does not have these defects of the mervo-
balance tabs and, with careful center-of-gravity location,
may solve the problem,

There is a range, however, where servo-palance tabs’
are entlrely feaslble, Thisg 1s true in the case of large-
sizelalrplanes where servo motors of the electric and
penunatlic typos, otc., are not uged, As the size of the
airplane 1g increased (up to a certain limit) the impor-
tazce of servo-balance tabs ilncreases and with full-welght
balance of tho control purface, they prceent ome of tho
most sultable and effective ueans of reducing the stick
forces. In :thlg connection, systeuatlc inveetigations of
gservo-balance tadbs on airplanes should be undertaken, since
tnere are practically no data avallable,.

Translation by S. Relss,
National Advisory Committee
for Aeronautics.
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Figure 1

Figure 2.- Sketch of servo control device.

Figs. 1,2,3
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Figure 44.- Curves of equilibrium angles with 6 percent servo of flap
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Figure 45.- Curves of equilibrium angles with 7.5 percent servo of flap
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Figure 47.- Curves of equilibrium angles with 13 percent servo of the
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Figure 64.~ Tail surface No. 3.
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Figure 68.- Teil surface No. 4.

Flgure 66.- Teil surface No. 3a.
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Figure 72.- Tail surface No. 5.

R A |

1t6 °*Of UMpULIOWSN TeITUYOLY

*afg

2. 10l 69




1¥6 *ON UMPUEIOWeW TWITUYde] ‘Y'I3'¥R

[ 4% 117 .
r / Zz; 7
i X
r N —t -
AN AN
ATimayan AN,
2ol | wla ——y N 7
! 4 TN i T 26| |
AL = Py
N =i S e A
NZARYIW iy o 2 /
N % / ] aNY74 /
TR ARy /
4 /\.\ ? ]/./ 20° 7 4 /' //
: - 4
A v i (7 7 MW o &
N SN eV / NAT S| egner
4 /1 L1 NI ) LT T T o v
7 ARE 77 LT L el AT >
/] o = o
AT 7 = i
% o L=0° P - ’ i
LA 11 o Spurre | o+ . .
AR % o 8, =0’ _
] o =20 Figure 75.~ Tail surface No. 7
/ ] $¢=~Jﬂ'
7 -
-”j b
| . % | %
/| -5 Vi
] 101° P
iy )
Pigure 73.- Tail surface No. 6. i /] ”/'0'
1 T (: .
%1 ] N "
aoal | A0 . : o
.: / ; 0P P71 i . ‘;”. 3
v . A |
vrj) | Fof ¥ 44 o— 20"
LA | s ‘ NAV.any —t ="
E R ANKy e -
Lz — X0 A
A4 x./’)"lﬂlﬂé ot = 01— 774
v —+ — Y— O =L . |
S Labs) |} e ctmist | . . :
£ . Ir lﬁ‘:ll.év. Figure 76.- Tail surface No. 7.
: 1 i .

l'iéure 74.~ Tail surface No. 6.

9L°SL WL e "I



N
1] NH
m‘“‘q

K Te2TUqOe] V-0 V')

0
a4 / L7 lo
,f 2 I bo
» A | s
% 04| ~ |4 13 5 3.
v / [ 1 L3717 1
2910 |y i-.- £ a
=7 4; i I y s° E
/ o i ('/ 99 . l g )
- he /] 7 °
| y /7~.. L 1 V7] o—n bovgo. OJ | ©
- f ,/ Y 1 7 » ommme — e % | ]
A4 T e [ AT == ==&
>, 4/ / L] &“”. — 2 /J —— K [
Sy, A Sacec? e .
/‘|/ rd o S imn 4 | I : I 1 ]'I L
P4 __:_d P Figure 79,- Tail surface No. 9.
4 7 CANES ' ‘ .
Cé
P74

Pigure 77.- Tail surface No. 7a. ’ w

4.
- .f
é;e L o a
208, Vs
f yd
TP = NN AN
. o 4 | L
o | L s | | ] o) |
ZAP%Ze = . St —doa.___ — e{-d‘.__
T Lbel | N orF T — Ol
B i — ot ]| | 1l l l| l
l/)}'iq "‘{"‘T ‘T"" Figure 80.- Tail surface ¥o. 9.

Figure 78.- Tail surfece No. 7a.

08°6L°8L LL 9%y



AL 3
Ll |
J07.
_&’ 4 o
[ A | A

B (7" [ Z |o%

7}’/ / ’/‘ /0" o .,’9‘_. Vad
AW - 5yz-5°
.r/5!E : ;‘:_ﬂ.
_;_‘é /’,’_1'20 N
l}f A./250 o 5.-__!:-,0'
F

N
;

Py
By

\\

N

NN
N

Figure 8l.- Tail surfece No, 11.

[ Rl
I o 0
aos ,/{;
L2
Q04
1 e
A
20" NEZARE
Y Ll
/" l i o—o X =0 L
/ 'aba [a—_a
ERERR SR
] 1 L

PFigure 82.- Tail surfece No. 1l.

N

N
\

37

~

™.
]

/0
4

1 P " r 25!

4 \ 8 &,=-c2"

W

I‘p"

o

° dps-5°

. 9’ =/

. $,_=-£f'

o Sp=-f’

il ﬁ; ! v;n7'
-2, - ::r' o
2 A

. v g 7
0 | A .J/ 0" | Pl
AN Lo |
A | —— X0
L 273 Sy
| 1 ELLL

Figure 84.- Tail surface Xo. lla.

b6 °ON UMpURIOWSN [eITUYILL "¥°D°V'K

vg'es‘28’' 18 ‘s?gL



rAREA R
Ll )
4] LG >
=47 } / > |
¢
_ﬂkg o
/ / 4 !
j . T 7 3
— 2510, s
1514/ ¥
) / ~ - H
\ ’d ?¥ )/1’ E
- B
\\ A wi / / ——!2-} ,/ / E
R yARN4 Clapl [ IATY
N — - &4 v . g
N\, N\, A I Ll Ly, yal .
AN . /’ = I 0‘ 7
AN | Pl ¥ 2
T LA T // LA =
74 . 7 y? ——
Y7 K ’ , .; 4 L X - J
/- {':5'1'/‘7" l ! S /. | | L34 < X
T o 5;'0, ____”','5 i} o 5:0°
/-2 S 9. s; =5 4/ AL ° ;""'
'Jv{ 1/ i © s;.--/ﬂ' __)‘/4:7 {/ e . ;:-ﬂ'
7t 7 =2 s
/-8 4 > —2p°% &, =-15" | ,// _‘-?;_ . .’;:-/.f ]
] 8 8,0 ———Jé/’ A, g S2-n?!
7 - K72 5 e
i i f > 7 -':: - 139° H 5;_:-30'
y . T T ;
L L] V%
Figure 85.- Tail surface No. 12. 7
< s Figure 87.- Tail surface No. 13 R -
~ / [~ 0.
fﬂ ), Vo
o1
] y
%% X
i ] | P Y
. aa4(x
-J SR T 4 )'/
£ Q04 T | I’ ¥ .
ol ‘{ / ! -—o;"ﬁ' ) j(x y ] g I -
o1, T LA L=< &
1] 1 ] I I ’ -a'aa ey U D [
—_— " n - | [+ 3
Figure 86.- Tail surface No. 12. . - = -
o l HR _:
b
[+ 3
o«

Figure 88.~ Tail surface No. 13.



WAL ,.
\ /
\
/I
R
N 4
AY
., ‘f Y . / Tl
Y A) J
WYINREE ﬂ
A \
T T
%“I' \\_2513 / N
\{' '9{7:_90 7 "‘4
PR Pt
JANIR & P
b £ 1017
_56/‘ AN |
‘_‘l_ A5 2 [Z 7] [& |
Y3 | i
'7/ 7 L
f—‘ 4 u riop ° 5;‘0*, 1
f__y /. yuT ° 5';-,"}'
" // 20 © é;'.-li'
.. o7 i é;f‘/ ’
4 A g Gps-c]
9, P4 \J". 8§ =25
74 T 300 LA o
AA B §,=-301
4 [ L]
Figure 89.- Teil surface No. 13a.
TR
7 ¥
T
04 ..a){ [./’
.
X
-0° )/( 200 ad
P74
/' ’/’ — s L&D
A F1 Lls — -
( (]
L

Figure 90.- Tail surface No. 13a.

™
WY

A\
ira\ _b(\ /
\ I \, - 30
RN
. S 25 /
\ A
Nat) /
Wi /
AN =g
Y i P
S TNEK ot A ]
87
e .
By VAEF 1 I"_‘ .—?]r-o(
15 [
- 2
[/ /0 .
A 17T s 6; ﬂ"
. Fa ."l'-’
AI/ tam -0
e . 25) ’;.-)’"
/A 30p $
A YV s :
kg b & e-aS’ 3
7 22
4 P

Figure 91.- Tail surface No. 13b,

1¥6 °ON WNpUBIOmWSN TWOTUUOSL ¥V O'Y'K

"
i 4
4
A
7
/(
Pl Vi
- o £9°
rAN i
.4 —e o=
4 —ce| |
[
22

Tigure 92.- Tail surface No, 13b."

26'16'06'68 "SPL




R

tm g o

N.A.C.A. Technical Memorandum Fo. 941 . : Tigs. 93,94,95,96,98 -
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Figure 1017- Teil surface No. 16-2.
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Figure 102.- Tail surface No. 16-2.

Figure 104.- Tail surface No. 16-3.
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Figure 103.~- Tail surface No. 16-3.
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